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Introduction
Bony defects in the craniomaxillofacial skeleton remain a major and challenging health concern. Repairing the cranial bone is one of the oldest neurosurgical practices dating back to ancient Egypt. Rehabilitating the natural contours of the skull has been challenging the most ingenious surgeons from antiquity to nowadays. Given the persistent progress in the neurosurgical and first-aid treatment during the past centennial practice, more patients have survived such head injuries, thus simple, safe, and durable means are needed to correct skull defects more than ever before. In response, countless materials and techniques have been devised along with the improving art of cranioplasty. After centuries of evolution, the objective of cranioplasty that is to restore the outermost part of neurocranium has remained unchanged. Numerous materials have been developed to repair bone defect in the skull, including autograft, allograft, as well as artificial or synthetic biomaterials [1] [2] [3] . Thanks to the evolution of material sciences and novel techniques, some of the once aggrandized materials have been eliminated from the selections because of noted side effects. Cranial bone defects may be either congenital, such as nosencephalia and dysraphism, or acquired, like trauma. It could even be iatrogenic caused by maxillofacial or encephalic surgeries. Cranial bone defects are always accompanied by critical complications, including epilepsy, cerebritis, encephalitis, hydrocephalus, and psychological or mental disorders [4, 5] . Obviously, meeting both cosmetic and functional demands, effective cranioplasty plays a pivotal role to maintain ideal cerebral protection and consummate cosmetic result. Especially for pediatric patients, expeditious and effective cranioplasty to synchronize with growing skull of child is of great concern [6, 7] .
In surgical intervention, biomaterials are widely employed to repair skull defects or deformity.
Cranioplasty can be performed using multifarious materials ranging from autogeneic tissue to metallic or acrylic alloplastic implants. Besides natural materials such as autograft, allograft, or xenograft, varieties of artificial materials such as titanium, poly (methyl methacrylate) (PMMA), polyether ether ketone (PEEK), and hydroxylapatite (HA) have been developed. Although partly meeting certain requirements such as mechanical strength and biocompatibility, none of these artificial substitutes is perfect. In the modern era, despite traffic accidents and military conflicts, people have got greater survivorship after cranial injury than in the past. People attribute this triumph to improved medical practice and early "far-forward" neurosurgical treatment. The last decade has seen breathtaking advancement in cranioplasty and cranioprostheses. Custom-made alloplast implants and regenerative cranial treatments have emerged. Medical techniques such as protected bone regeneration, free tissue transfers, and distraction osteogenesis have found their niches in skull renovation. In addition, comprehensive rehabilitation has been newly acknowledged as a standard treatment in case of neurotrauma.
Traditional skull repair materials 2.1 Biological materials
Preeminent in osteoconductivity, osteoinductivity, biocompatibility, biodegradability, and free of immunologic rejection, autogeneic bone has incontrovertibly been widely recognized as the "gold standard" for healing large-sized bone defects. Autogeneic bones could be derived from many parts of human body, such as ilium, fibula, rib, as well as debris collected during craniotomy. For example, in case of burr-holes or small defects created in the skull, surgeons usually collect bone debris produced by trepanation and glue them back. Moreover, cortical bone discs gleaned from the inner osseous lamella could be used for filling defects in the outer lamella. Ribs and fibula are common source of autograft. A 30-year follow-up proved that rib grafts could renovate skull defects both cosmetically and functionally and even accommodate itself to the growth of puerile skeleton of children [8] .
Despite these advantages, many serious limitations that are associated with autogeneic implant cannot inevitably be overlooked. It is hard to shape autogeneic bone to match the contour of the defected skull. Besides, it inevitably imposes morbidities at the donor site, such as thorax deformities and respiratory problems [2] . Moreover, availability of autograft is highly limited, especially for patients suffering from systemic complications.
The use of allogenous grafts in cranioplasty also has more than a century long history. Allogeneic cartilage was firstly introduced to cranioplasty during the First World War and has been popularized ever since. However, cartilage transplantation fell into disfavor before long due to the insufficiency in calcification and mechanical strength. During the same period, cadaveric skull bone was also used as grafts in cranioplasty [9] . After harvested from corpse, the unwanted ingredients within cadaveric allografts were disposed with chemical reagents and heat sterilization. However, probability of infection and excessive absorption are intractable problems of allografts. Those lethal disadvantages, let alone ineluctable ethical issues which exacerbate its inferiority, limit its clinical generalization. In brief, compared to autoplasts and synthetic materials, allografts have been much more disfavored and ignored.
Metallic materials
Tantalum used to be the most popular artificial substitute of allograft for cranioplasty because of its biochemical inertia which makes it resistant to acid, oxidation, and even corrosion. The Second World War greatly increased the demand for cranioplasty procedures and tantalum cranioprostheses hence became popular amongst military surgeons [10] . Tantalum represented a significant breakthrough in synthetic cranioplasty and renewed interest in the search for a suitable synthetic material for cranioprostheses. The experiences of wartime neurosurgeons with tantalum cranioplasty played a pivotal role in the evolution of modern cranioplasty techniques and ultimately led to a better understanding of the necessary attributes of an ideal synthetic cranioprostheses [11] . As it has the ability to be easily cut and shaped, tantalum meets the requirements for repairing a considerable part of cranial defects, especially those resulting from war wounds. On the other hand, tantalum is a heat conductor, thus leading to sharp sense of temperature for the patients and potentially harming the brain. Moreover, tantalum imposes significant image artifacts upon computed tomography (CT) and magnetic resonance imaging (MRI) besides being too expensive to be commercialized at a large scale. Despite all these flaws, the history of tantalum cranioplasty serves as a model for innovative thinking and adaptive technology development.
Usually used in the form of mesh, titanium has become the most popular metallic cranioprostheses due to its good quality in biocompatibility, radiolucency, mechanical strength, and density. With the development of computer aided design and computer aided manufacturing (CAD/CAM), custom-fabricated titanium cranioprostheses have been commercially available for restoring irregular skull defects or deformities [12] . Despite all these virtues, there have been studies highlighting that cranioplasty is associated with significant complications including infections, seromas, and hematomas with incidence as high as up to 30% [13] . Some of the complications are so severe that patients usually need reoperation to remove implant [14] . All these studies have provided better understanding of the risks associated with titanium cranioplasty and contribute to decision making by the clinicians and patients. To overcome these shortcomings, scientists discovered titanium fiber mesh discs coated with a thin layer of hydroxyapatite (HA). In vivo experiments revealed that the thin layer of HA coating could significantly enhance osteogenetic activity and regeneration of osseous tissues in the titanium fiber mesh via acting as a bone regeneration scaffold [15] .
Ceramic materials
Due to satisfactory physicochemical properties, mechanical strength, and biocompatibility, alumina bioceramics have been widely used as implants in stomatology and cranioplasty. However, congenital brittleness, inflexibility, and deficient plasticity hinder their access to widespread application.
Calcium phosphate is chemically similar to the inorganic component of natural bone and has outstanding biocompatibility and osteoconductivity analogous to autoplast [16] . Calcium phosphate is therefore used as an active ingredient in bone cement, acting as an adhesive in cranioplasty. However, calcium phosphate must be modified to improve its remedial effect because it is so fragile as to be easily fractured even due to minor impact [17] .
Formulated as Ca 10 (PO 4 ) 6 (OH) 2 , HA is the major inorganic component of bones and is gifted with inherent biocompatibility. Therefore, HA ceramics have been widely used for repairing bone defect in cranioplasty [18] . Custom-fabricated cranioprostheses made of HA were also developed in recent years [19, 20] . However, the merits of HA ceramics are also drawn back by its brittleness.
Polymeric materials
Neurosurgeons sometimes perform revision cranioplasty in patients with titanium allergy using prefabricated, custom-made poly (methyl methacrylate) (PMMA) implant with modified fixation technique. Among acrylic materials, PMMA is by far the material most frequently implanted to substitute bones in vertebroplasty [21, 22] . After long-time follow-ups of randomized, blinded, parallel controlled and multiple center trial, safety and efficacy of PMMA prostheses in clinical treatment of large skull defect have been fully approved [23] . However, segments augmented using PMMA within the osteoporotic spine may also be related to increased risk of fracture of the adjacent vertebral bodies because it has significantly higher modulus of elasticity than normal osseous tissue. Fracture is a common sequel of osteoporotic spine especially when PMMA is applied as a filling material in transpedicular balloon kyphoplasty for spinal compression fractures [24] . When PMMA is used as the major active ingredient of bone cement in vertebroplasty, there are serious complications such as cement leakage. PMMA bone cement could also harm surrounding tissues by releasing heat and potentially neurotoxic monomer during polymerization, or even being chemotoxic to dura mater and cerebral cortex [25] .
Polyether ether ketone (PEEK) is another kind of popular polymeric materials for skull renovation. With excellent performance in nature, PEEK has been popularized just a decade ago [26] . Outstanding in aspect of density, mechanical strength, and elastic modulus, PEEK is applied to omnibearing process of cranioplasty. In addition to functionally comparable to autoplast, PEEK does not interfere with CT or MRI alike. Breathtakingly, PEEK implants can be easily designed and fabricated according to custom order [27, 28] . Despite all the investment in clinical development in the present, the insufficient osteointegration and exorbitant cost of this technique impede its further commercial dissemination [3] . Alternatively, although PEEK lacks osteoconductive properties, as an inert and easily removable material, it has proven useful in settings where repeated intracranial access is necessary.
Mineralized collagen
Despite the ground rapidly gained in neurosurgical operations, most of these prevalent synthetic bone substitutes are not susceptible to biodegradation. In most cases of pediatric patients whose skulls are undergoing continual growing and renewal, prostheses made of non-degradable materials even result in deformities of the skull [7] . Therefore, those characteristically refractory materials are not feasible for pediatric surgery and this opinion is defended by both neurosurgeons and material scientists. There is still a comprehensive con-troversy on the timing of pediatric neurosurgery [29, 30] . Not able to actively participating in osteogenesis and bone absorption, those fabricated cranioplasty materials applied in the moment only reconstruct the skull contour without physiologically restoring it. Skull repair materials are required to have mechanical and dynamical performance to similar osseous tissues. For example, PEEK (undertaking mechanics) cages have been successfully used with HA (dynamics) for anterior cervical discectomy with fusion. An ideal cranioprostheses must also be moldable or machinable to fit the shape of the skull defect. It should be osteoconductive and biodegradable to promote complete cicatrization. Besides, it should be ideally endowed with additional properties like radiolucency, anti-infection, and poor thermal conductivity [31] .
Mineralized collagen (MC) builds the understructure for various connective tissues ranging from bone to dentin [32, 33] . It provides the calcified tissue structures with essential 3-dimensional structure and microecological niche for the adherence, proliferation and ossification effect of osteoblasts. Within the MC, HA crystals are orderly juxtaposed along fibrils fabricated by type I collagen in a specific hierarchically staggered nanostructure. Foundation for the trivial physiological functions of compact bones and trabeculae is formed by MC. Two thirds of the dry weight in the bone matrices correspond to mineral components in the form of nanometric crystals and one third is formed by collagen fibrils [34] . The rationale for the assembling process of MC has been explained by different hypotheses, such as self-assembly process and polymer-induced liquid-precursor process [35] . Guided by biothermodynamics and related principles, synthetic biomaterials mimicking natural structure of MC have been flourishing [36] .
Many protocols have been innovated to prepare bionic materials copying the native composition and structure of MC [37] . Most of those measures betook themselves to the composite ingredient of MC that comprises collagen and HA, disregarding the native status of their microstructure [38] . Some synthetic MC materials have been successfully developed and transcended their predecessors [39] . Hierarchical intrafibrillar MC is achieved through a selective mineralization process in the collagenous gap. The associated topographical features directly correlate with their nanomechanical heterogeneities to accommodate a broad range of external loads. Moreover, this hierarchically staggered nanostructure provides an optimized microenvironment to improve bone regeneration by instructing host cells. Both in vitro and in vivo experiments have shown that the MC bone cement has excellent biocompatibility. Many activated host fibroblasts infiltrated or grew into the MC implant, along with prominent neovascularization or abundant newly formed capillary vessels [40] . The results implied that MC can be absorbed and transformed into the main component of osseous tissues in the process of new bone formation. In summary, MC should be very promising for bone reparation.
Other than traditional synthetic bone grafts that only act as structural supersedes without any functional bioactivity, the MC is not only biocompatible, biodegradable, and absorbable, but also osteoconductive and osteoinductive. Prostheses made of MC could undergo "creeping substitution", a process of osteogenesis and bone regeneration after implantation. Nonetheless, concerning the short run effect, all prostheses should provide initial protection to the bone defect shortly after implantation. With less mechanical strength than metal materials, MC was considered inferior to metal materials regarding the aspect of providing initial stability before forming coalescent or confluent linkage with surrounding osseous tissues. This blind side of MC needs to be ameliorated by biomedical engineering. A comparison of the abovementioned major bone substitute materials is summarized in Table 1 .
Skuheal TM is registered for a cavalcade of bone substitutes patented by Beijing Allgens Medical Science and Technology Co., Ltd. It is featured by a series of MC materials employed to repair cranial defects. Skuheal TM was developed based on breakthrough discoveries in MC biomaterials. It is the best-in-class bone graft for neurosurgeries. Its efficacy when mixing with bone marrow is as good as autograft. The Skuheal TM bone material imitates the composition and the micro-structure characteristics of natural bones. It has the ability of bonding with bones and it can be absorbed and translated to the main composition of a new bone. The materials have been approved, registered, and certificated by the China Food and Drug Administration (CFDA, 20143462075) and also patented by the United States of America [41] . Custommade Skuheal TM is easy to be used as repair plug in craniotomy (Figure 1) and trigeminal neuralgia decompression surgery (Figure 2) . Skuheal TM burr-hole plug is a featured product that facilitates the reconstruction of burr-holes created by trephination and trepanation during cranioplasty, as well as small cranial defects produced by craniotomy such as those used in microvascular decompression. Like biocompatibility, bioresorbability, and osteoconductivity, MC materials have exactly the same advantageous characters as autologous bones. With the degradation of the graft made of MC, the temporarily installed substitute is susceptible to be gradually replaced by a new bone, in a biological process nominated as "creeping substitution".
Allgens medical also offers series of products of bone substitute ranging from cylindrical (Bonfill™) to an injectable, malleable form (Bonflow™). All their active ingredients were MC with efficacy as good as autograft if mixing with autologous bone marrow. Bongold™ cost more than allogenous bone, but it has much lower risk of transmitted diseases. In turn, Bongold™ is more affordable than parallel artificial materials like PEEK. As far as bone cements, paste or putty is concerned, Bonflow™ has very competitive price/performance ratio, which offers better curative effect and eases the burdens from patients. For neurosurgeons, it is easy to manipulate with simple operating procedures. It will not affect the practicing habit of neurosurgeons or prolong the surgical duration. A comparison of MC and traditional bone cements used in cranioplasty is summarized in Table 2 .
Perspectives
Undergoing intramembranous rather than endochondral ossification, regeneration of cranial bone gives rise to a great challenge, as the renovation rates of flat bones like calvarium and ilium are much slower than those of long bones. This phenomenon is partly attributed to their distinguishing ossification processes. As an emblematic of flat bones, previous reports have shown that three principal pathways are involved in cranial bone regeneration. One is new bone ingrowth from the diploe, which is the spongy bone located in the intermediate layer of the skulls. The other is intramembranous ossification launched by the periosteum located on the outer surface of the cranial bones. It can trigger quiescent lining cells to differentiate into osteoblasts and hence deposit osteoid in the defect. Alternatively, osteogenesis could also originate from the outmost lamina of the dura mater. Because the periosteum is usually wrecked in the case of a cranial injury, the repair material should ideally be able to promote new bone generated in the diploe and/or from the dura mater. Additionally, the material should present exceptional mechanical performance to provide enough protection and keep a stable intracranial environment.
Obviously, cranioplasty aiming to repair cranial defect involves combinatorial aspects of surgical techniques and material sciences. For decades, professionals have been devoted themselves to improve the mechanical, dynamical, and biochemical qualities of bone substitutes. Nowadays, osteoinductivity is emphasized by surgeons and concerning specialists. Bioactive materials thereby gradually take the center stage. Many kinds of cytokines have been applied in clinical practice to increase biological activities of prostheses. For example, bone morphogenetic protein-2 (BMP-2) plays an important role in osteogenesis by involving itself in many important signaling pathways [42] . It potently induces manifold types of cells that differentiate into osteoblast and stimulate the regeneration of defected bone [43] . Implantation of BMP-2 is performed primarily in orthopedic procedures such as spinal interbody fusion cage, which uses a variety of materials including metals, ceramics, polymers, and composites [44] . Delivered via absorbable sponge, BMP-2 has been reported to successfully obtain and maintain intervertebral fusion. BMP-2 can improve clinical outcomes, and reduce pain after anterior lumbar interbody arthrodesis in patients with degenerative lumbar intervertebral disc disorders [45] . However, complications and adverse outcomes have been increasingly reported under administration of recombinant human BMP-2. In most cases, those untoward effects caused by BMP-2, such as pleural effusion, airway stenosis, and neurothlipsis (nerve compression), were reported in anterior cervical discectomy with fusion [46, 47] . Platelet-rich plasma (PRP) contains many nutritious cytokines and can be used in tissue rehabilitate. In combination with allogeneic bone marrow mesenchymal stem cells (BMSCs) or amniotic fluid-derived stem cells (AFSCs), PRP significantly promotes healing of osteoporotic bone defects in animal model [48, 49] . Other studies also provide in-depth knowledge regarding the use of stem cells and PRP in vitro and in vivo, and address their application in clinical studies in the future [50] .
Facing the high paucity of bone grafts worldwide, regenerating bone is of prime concern due to the current demand of bone grafts and the increasing number of diseases causing bone loss. Many alternative strategies have emerged for the treatment of bone defect. Taken together, this review indicates the superiority of MC to other bone substitutes. Furthermore, it is feasible to compound bone with 
